The hMre11/hRad50/Nbs1 complex has been proposed to act as a sensor of DNA damage. Nelms et al. (1998) showed that upon exposure to ionizing radiation the hMre11/hRad50/Nbs1 complex becomes rapidly associated with the DNA DSBs and remains at these sites patients. Chromosomal radiosensitivity in lymphocytes
Figure 1. Alteration in Protein Levels of FullLength hMre11, hRad50, and Nbs1 in ATLD Cells
Whole-cell extracts were made from LCLs derived from patients and normal individuals and fractionated by SDS polyacrylamide gel electrophoresis. Western blot analysis was performed using antisera directed against the ATM, hMre11, hRad50, and Nbs1 proteins. The Western blot was additionally probed for actin to standardize for protein loading. Protein:actin ratios are indicated. (A) Whole-cell extracts from patients ATLD1 and ATLD2 in family 1 (father ϭ father of ATLD2; mother ϭ mother of ATLD1). (B) Whole-cell extracts from ATLD3, ATLD4, and parents. was increased to the level seen in classical A-T patients a diagnosis of A-T. We searched for ATM mutations in these two brothers by REF, but no ATM mutations were (Hernandez et al., 1993) . Using haplotype analysis, we previously observed that patients ATLD1 and ATLD2 found (McConville et al., 1996) . Consistent with the failure to detect mutations in ATM, normal ATM protein had different haplotypes in the region of the ATM gene, consistent with the A-T in this family not being due to levels were present in all four patients from both families (Figure 1 ). Hence, we have designated this disorder an ATM mutation (Hernandez et al., 1993; patients are indicated in this publication as II-7 and II-8, respectively).
ATLD, for ataxia-telangiectasia-like disorder. Given the absence of ATM deficiency and the similarFurther haplotyping (data not shown), using (C-A) n markers, confirmed our original observation of different hapity between NBS and A-T at the cellular level, we then examined the status of the hMre11, hRad50, and Nbs1 lotypes in ATLD1 and ATLD2. In addition, we searched for ATM mutations in these two cousins by restriction proteins in ATLD cells. In ATLD1 and ATLD2, there was total loss of full-length hMre11 expression, with trunendonuclease fingerprinting (REF) and also by sequencing selected parts of the cDNA, but no ATM mutation cated hMre11 being observed in patient ATLD2 but not confirmed in ATLD1 on a Western blot (although trunwas found (data not shown).
In family 2, two brothers (ATLD3 and ATLD4) had clinicated hMre11 could be coimmunoprecipitated from both ATLD1 and 2 cells by Nbs1 antibody; see below). cal features of ataxia-telangiectasia (Klein et al., 1996) . They also showed an increased level of chromosome In addition, there was a marked decrease in the levels of hRad50 and Nbs1 in these cells. In the parents, hMre11 translocations [1% of cells with t(7;14)(q35;q11)] and an increased chromosomal radiosensitivity intermediate levels were reduced compared with normal cells (Figure 1A ). between A-T and normal (indicated as patients 53, II-1, and II-2 in Taylor et al., 1996a) but not as high as ATLD1
In the patients ATLD3 and ATLD4, reduced levels of hMre11, hRad50, and Nbs1 were observed, but none of and ATLD2. The parents were unrelated. In this family, both brothers did share the same haplotypes in the these proteins was present in a truncated form. Cells from the mother, but not the father, of these boys also region of the ATM gene, which would be consistent with Patients ATLD3 and ATLD4 are siblings and carry an A→G missense mutation at nt350, resulting in an N→S amino acid change. This mutation is paternal in origin, and both A and G can be seen at this position in the paternal sequence. The mother appears to be homozygous for the normal base A at this position. No A peak, coincident with the G peak from the father, is apparent in the hMRE11 cDNA sequence in the two affected offspring. This suggested that the affected offspring have inherited a maternal allele that is either deleted, not transcribed, or is aberrantly processed with the effect that the mother is hemizygous at this position.
showed reduced hMre11 levels ( Figure 1B No maternally derived mutation was detected by DNA se-1). Therefore, NBS, A-T, and the ATLD disorder can be distinguished from each other by the levels of hMre11, quence analysis, suggesting that the mother of this family is heterozygous for a null hMRE11 mutation. Western hRad50, and Nbs1.
Since alteration in the levels of hMre11 was common blotting showed reduced hMre11 levels in maternally derived cells, consistent with this interpretation (Figto both families, the sequence of the hMRE11 gene from the four ATLD patients was determined. In patients ure 1B). ATLD1 and ATLD2, a C→T change at nt1897 was detected. This change, CGA→TGA, resulted in a 633
Phenotypic Characterisation of ATLD Cells The clinical presentations of both ATLD families were R→STOP, prematurely truncating the hMre11 protein as we observed. Both patients from family 1 are homozyvery similar to that seen in A-T. To examine whether this similarity extended to the respective cellular phenogous for this mutation. Both parents of ATLD1 are cousins, as are the parents of ATLD2. In addition, the mother types, several aspects of the DNA damage response were tested in cells established from ATLD patients. of ATLD1 and father of ATLD2 are siblings. Three of the four parents were shown to be heterozygous for the Cellular radiosensitivity was measured by colony forming ability of ␥ irradiated skin fibroblasts. In ATLD3 and same mutation (Figure 2A ) (the father of ATLD1 was deceased). ATLD4, colony forming ability was intermediate between classical A-T and normal controls, whereas survival in DNA sequence analysis of ATLD3 and ATLD4 hMRE11 cDNA revealed one missense mutation, 350 A→G, re-ATLD2 was nearer that of cells from classical A-T ( Figure  3A ). Healthy ATLD1 fibroblasts were unavailable, but sulting in a 117 N→S amino acid change, which was 
ATLD Mutations in ScMRE11
Given the high degree of conservation between the human and yeast Mre11 proteins, we reasoned that modeling the ATLD mutations in the ScMRE11 gene would provide insight into the severity of those alleles. We derived Scmre11-Q623Z-(ATLD1/2) and Scmre11-N113S-(ATLD3/4) expressing strains and examined them with respect to mitotic function (sensitivity to IR) and meiotic function (spore viability). The C-terminal truncation allele, Scmre11-Q623Z, exhibited wild-type resistance to IR, consistent with previous studies demonstrating that deletion of the C terminus of ScMre11 has very little impact on Mre11 function(s) in mitotic cells (Nairz and Klein, 1997; Furuse et al., 1998; Usui et al., 1998). In contrast, the N-terminal missense mutation, Scmre11-N113S, conferred significant IR sensitivity ( Figure 3D ).
In meiotic cells, both ATLD mutants exhibited defects in spore viability, suggestive of impaired meiotic recombination. The Scmre11-Q623Z truncation mutant was unable to produce viable spores (0 viable out of 100 total spores), and the Scmre11-N113S mutant produced viable spores at a reduced frequency relative to wild type (37% relative to 55%, respectively). Hence, it is clear that both mutations impair Mre11 function. and blotting with hRad50 revealed a strong interaction of the two in ATLD3 and ATLD4 ( Figure 6C ), but only a In contrast, both the timing and the magnitude of the p53 response in ATLD2, 3, and 4 fell within the range weak interaction in ATLD1 and ATLD2 (data not shown). In summary, it is clear that the stability of hMre11 protein defined by two control LCLs. An NBS cell line was also tested and found to have a similarly normal p53 reinteractions is compromised, but not abolished, by the ATLD mutations. sponse ( Figure 5 ). Although the p53 response in ATLD1 was indistinguishable from A-T cells, the p53 gene was hRad50 ( Figure 6D ), but not hMre11, could be coimmunoprecipitated from the NBS cell line with Nbs1 antisequenced and found to be wild type. The basis of this finding is unclear, but it appears to be an idiosyncrasy serum. The inability to detect any coimmunoprecipitated hMre11 is likely to be a result of an interaction in this of ATLD1 rather than a property of the ATLD1 hMRE11 allele. We infer that the induced p53 was transcriptioncell line beyond the detection limit of our assay. The Figure 7N ). Thus, the cells, we examined IRIF formation in cell lines established from ATLD patients. ATLD2, 3, and 4 fibroblast IRIF response of ATLD cells expressing these mutant hMRE11 alleles was essentially abrogated. cell lines were grown on glass slides, ␥ irradiated at a dose of 12 Gy, and stained with hMre11, Nbs1, or hRad51 antisera 3, 8, and 24 hr later. IRIF were subseDiscussion quently visualized by immunofluorescence. The finding reported here that mutation of hMre11, a second hMre11/hRad50/Nbs1 protein complex member, leads to both the clinical and cellular phenotypes of A-T provides compelling evidence that this complex acts in the same pathway as ATM. The data demonstrate that ATM and members of the hMre11/hRad50/Nbs1 protein complex are not functionally redundant. Of particular note is the observation of radioresistant DNA synthesis in A-T, NBS, and ATLD, a phenotypic feature that is unique to these three chromosome instability syndromes. This phenotypic outcome indicates that a significant component of S phase DNA damage recognition and checkpoint activation is dependent upon the DNA damage response pathway defined by hMre11/ hRad50/Nbs1 and ATM. In the second family, two of three sons (ATLD3 and ATLD4), born p53 Induction Assay to nonconsanguineous parents, developed features of ataxia-telanExponentially growing LCLs ‫4ف(‬ ϫ 10 6 per time point) were irradiated giectasia, including progressive cerebellar degeneration. The older with 3 Gy of 60 Co ␥ rays ‫1ف(‬ Gy/min) and subsequently incubated brother appeared to have more severe features (for further details at 37ЊC. Cells were harvested at the time points indicated and wholeof this family, see Klein et al. [1996] ). cell extracts made (see above). Twenty micrograms of whole-cell None of these ATLD patients showed any evidence of immune extract from each time point was routinely loaded onto a 10% SDSdeficiency or any cancer. polyacrylamide gel and analyzed by immunoblotting. To verify protein equal loading, the filters were additionally probed with an antiCells Actin monoclonal antibody (AC74). Band density was quantified Lymphoblastoid cell lines (LCLs) and skin fibroblast strains were using scanning densitometry. derived from normal individuals and patients with A-T and NBS using methods previously described. LCLs were derived for ATLD patients 1-4, and five of the six parents and were routinely main- Proteins were fractionated on a 12% were rinsed with phosphate-buffered saline, lysed in 0.5 ml 0.25M NaOH, and transferred to 7.5 ml Soluene counting fluid (Packard) SDS-polyacrylamide gel. Proteins were visualized by silver staining, and the gel was dried and then subjected to autoradiography. for liquid scintillation counting using a dual-label program (Kleijer
As observed previously in NBS cells (Carney et Presented in this manuscript is the finding that a disorder, virtually indistinguishable from A-T, is caused by

In addition to the regulation of the S phase checkpoint, the data presented argue that other underlying mechanistic defects in A-T, ATLD, and NBS overlap to a significant extent. For example, it has been shown that A-T cells are deficient in the activation of c-Jun N-terminal kinase (JNK) following exposure to IR (Shafman et al., 1995). The abnormal response in A-T cells is due to a
